Abstract. We developed two 150-MHz coherent radar depth sounders for ice thickness measurements over the Greenland ice sheet. We developed one of these using connectorized components and the other using radio frequency integrated circuits (RFICs). Both systems are designed to use pulse compression techniques and coherent integration to obtain the high sensitivity required to measure the thickness of more than 4 km of cold ice. We used these systems to collect radar data over the interior and margins of the ice sheet and several outlet glaciers. We operated both radar systems on the NASA P-3B aircraft equipped with GPS receivers. Radar data are tagged with GPS-derived location information and are collected in conjunction with laser altimeter measurements. We have reduced all data collected since 1993 and derived ice thickness along all flight lines flown in support of Program for Regional Climate Assessment (PARCA) investigations and the North Greenland Ice Core Project. Radar echograms and derived ice thickness data are placed on a server at the University of Kansas (http://tornado. rsl.ukans.edu/Greenlanddata.htm) for easy access by the scientific community. We obtained good ice thickness information with an accuracy of _+ 10 m over 90% of the flight lines flown as a part of the PARCA initiative. In this paper we provide a brief description of the system along with samples of data over the interior, along the 2000-m contour line in the south and from a few selected outlet glaciers.
Introduction
In 1991, NASA started a polar research initiative aimed at determining the mass balance of the Greenland ice sheet. This program consisted of coordinated surface, airborne, and spaceborne measurements for determining the mass balance of the ice sheet. The initial airborne program consisted of a laser altimeter and a Ku-band radar altimeter for measuring surface elevation of the ice sheet along selected flight lines. In 1993 the airborne instrumentation suite was expanded to include a radar depth sounder to collect ice thickness data along the same flight lines. Ice thickness is a key variable in the timedependent equation of continuity and is essential to any study of ice sheet dynamics. Raju et al. [1990] developed a coherent radar sounder for measurements in the Antarctic. We used this system to collect ice thickness data during the 1993 field season. Although the system collected good quality data in certain areas in the north and central parts of the ice sheet, its performance was less than optimum for obtaining ice thickness data over a few parts of the ice sheet in southern Greenland. These are in temperate areas of the ice sheet with thick, warm ice. To overcome its limitations and improve its performance, we developed two new systems: one 
System Description
A detailed description of the University of Kansas coherent radar system along with a few sample results is given by Gogineni et al. [1998] . Recently, we developed a new digital signal processor and incorporated antenna beam-steering circuits to improve the radar performance further. In this section we provide a brief description of the radar and the new digital system.
The coherent radars we used for collecting data over the Greenland ice sheet transmit a chirped pulse, which is linearly frequency modulated over a bandwidth of 17 MHz, of 1.6 duration, and has a peak transmit power of about 200 W. They use complementary surface acoustic wave (SAW) dispersive delay lines to generate the chirp signal and to compress the received signal. The compressed pulse width is about 60 ns. The antennas are two four-element dipole arrays mounted under each wing of the aircraft: one for transmission and the other for reception. To compensate for the aircraft wing tilt, the lengths of the cables driving each element were adjusted to cause the peak of the far-field radiation pattern from these arrays to occur directly beneath the aircraft. Furthermore, to reduce the radiation sidelobes, the signal amplitudes of each element were modified according to a binomial weighting. This reduced the sidelobe level relative to the peak from about -13 dB for the uniformly weighted array to about -30 dB. The radar transmitter and receiver are mounted in a rack inside the aircraft and connected to their respective antennas with 20-m-long RF cables and a feed network with a combined loss of about 3 dB. The effective transmit power at the antenna is thus about 100 W.
A low-noise receiver with an overall gain of about 100 dB filters, amplifies, compresses, and coherently detects the received signal. The digital signal processor, consisting of two 12-bit A/D converters and adders, digitizes the in-phase (I) and quadrature (Q) output signals from the coherent detector and integrates them. The radar controller consists of circuits for generating delayed pulse repetition frequency and for setting the sampling window and the clock signal for the A/D converters. Table 1 provides important specifications of the system. The radar system described by Gogineni et al. [1998] used the digital signal processor (DSP) developed in 1988 [Xin, 1989] . This DSP system used 8-bit A/D converters with a dynamic range of about 48 dB. It was housed in an external case that was connected to the host computer through a ribbon cable.
This interface limited the data transfer rate between the DSP system and the host computer. A minimum of 150 coherent integrations at a pulse repetition frequency (PRF) of 4 kHz or less had to be performed by the DSP system before data could be transferred to the main computer, which limited the types of postprocessing that could be done.
To improve the system sensitivity, increase the dynamic range, and reduce the minimum number of onboard coherent integrations, we developed a new DSP system using 12-bit A/D converters and high-speed field-programable gate arrays (FPGAs). This allowed for fast integrations and reduction of the system's physical size. We developed the data acquisition card to interface with the PCI bus. Figure 1 shows the block diagram of the new DSP system. It consists of two cards that are plugged into a rack-mountable computer. One of these cards, designed to interface with PCI bus, digitizes the data and performs a number of coherent and incoherent integrations (if desired), and the other card generates PRF, the clock signal We obtained good ice thickness data over 90% of the flight lines flown during PARCA, as shown in Plate 1. Our definition of good ice thickness data is that the signal-to-noise ratio for the bedrock echo is greater than 6 dB and is continuous over a distance of 20 km along the flight path. This is an extensive new data set in which all ice thickness data are accurately geolocated using kinematic GPS. We generated this plate by dividing the ice sheet into a grid with a resolution of 0.02 ø and 0.06 ø latitude and longitude, respectively. The grid extends from about 59.5 ø to 84 ø N in latitude and 75 ø to 10 ø W in longitude. We identified grid cells with valid thickness data or no data along each flight line. In this section we show a few examples of data collected over the interior of the ice sheet, around the margin, and on two outlet glaciers. We will show examples of data where we obtained good ice thickness data without any processing and where we applied thef-k migration algorithm to improve the signal-to-noise ratio.
Normally, we collected data with a radar PRF of 9.2 kHz and the integrator set to sum 256 samples coherently to reduce data volume. The aircraft was flown in terrain-following mode at an .• 1500 ..................................................................................................................................................   2000 ................................................................................................................................................................................... The coherent depth-sounding data received at the moving aircraft are denoted by Srx(t, X), which is a function both in time t and along-track distance x. Accordingly, these data can be represented in the frequency domain as Srx(to, kx) = F{srx(t, x)}, where F is the two-dimensional Fourier transform operator and to and kx are, respectively, the temporal and spatial Fourier frequency variables.
We then multiply this result with Hair(to, kx), the first term of the f-k migration algorithm, Ssurface(to, kx) ---Hair(to, kx)Srx(to, kx) 
H•c•(tO, kx) = exp (j2kzid)
In the ice the spatial frequency variable kzi is expressed as kzi = t,,-•7•e-k• 2,
where •ce is the velocity of electromagnetic propagation within the ice, in this case a value-assumed constant.
The inverse Fourier transform of S ice(to, kx) again can be interpreted as the signal S•ce(t, x) at a depth d under the ice surface. Recall that f-k migration is effectively a correlation processor, and a correlation operation can be implemented by evaluating the output of a matched filter at a specific time. Similarly, a two-dimensional subsurface image, u(x, z), is generated in f-k migration by evaluating &ce(t, X) at a specific time ?. 
The value t = •-can be interpreted as the time when S ice(t, x) represents the wave energy due to scattering specifically from depth d, as opposed to later times (t > •-) where S ice(t, x) will be due to the scattered energy from lower layers that have propagated up to depth d.
A complete subsurface image u(x, z) can thus be constructed using f-k migration by calculating and evaluating Sice(t, X) at all depths z = -d. Figures 3a and 3b show radar echograms generated with normal processing and the f-k migration algorithm. The inset in these figures shows the amplitude of echoes as a function of depth. Corresponding ice thicknesses for this echogram are plotted in Figure 3c . The S/N ratio for the bottom echo using conventional data processing is about 4 dB, whereas the S/N ratio for data processed with the f-k migration algorithm is 10 dB. Over the entire image we obtained a 4-6 dB improvement in the S/N ratio for data processed with the f-k algorithm over that obtained with conventional processing.
We only processed data with weak bottom echoes with f-k migration because it is computationally intensive. We obtained good thickness information for about an additional 10% for the flight lines beyond the 80% obtained with conventional processing. The areas where we could not obtain ice thickness consisted primarily of the deep, narrow channel beneath the Jacobshavn outlet glacier and near the margins of the ice sheet where bottom echoes were merged with multiples of the ice surface. Much of the radar data over the Jacobshavn area were collected in incoherent mode during 1997, and we could not postprocess these data to improve the S/N ratio. We believe that we can obtain ice thickness within the narrow channel with As seen in Figure 5a , the bed topography of StorstrOmmen 
Conclusions
We have developed two coherent radars for measuring ice thickness and have conducted extensive aircraft surveys compiling a large, consistent, geolocated data set of ice thickness on the Greenland ice sheet as part of the NASA PARCA initiative. These radars obtain the high sensitivity required to sound glacial ice more than 3 km thick using pulse compression and coherent signal processing while transmitting at only about 200 W peak power. We obtained good ice thickness information for over 80% of the flight lines flown as a part of the PARCA initiative with normal postprocessing plus an additional 10% of the flight lines using thef-k migration algorithm. We have presented examples of data from the interior, over the margins and on the outlet glaciers of the Greenland ice sheet, which demonstrate the widely varying bedrock topography for different regions of the ice sheet. We distribute these data to the scientific community both in hard copy form and in electronic form from our server. The development of these radars involved significant participation by Electrical Engineering and Computer Science undergraduate students as a part of their education. u (x, z) -two-dimensional subsurface image. r -specific time.
